Black-tailed prairie dogs (Cynomys ludovicianus) were greatly reduced in number and range in the last century, which is of conservation concern because their activities promote habitat heterogeneity and enhance biodiversity in prairie ecosystems. Based on their behavioral ecology, we hypothesized that prairie dogs would expand into areas adjacent to active colonies where woody shrubs and other visual obstructions were reduced, and designed an experimental study to assess this possibility at Theodore National Park, North Dakota. A combination of controlled burns and brush removal was applied to 2-ha experimental plots at 3 different prairie dog study colonies where adjacent control plots were left untreated. Systematic behavioral observations and periodic colony mapping revealed a strongly disproportionate use of experimental compared to control plots by prairie dogs over a 1.5-year period. More prairie dogs ventured into experimental plots than into control plots and there were an average of 335 new burrows and a mean 50.3% expansion into experimental plot areas compared to an average of 69 new burrows and a mean 1.6% expansion in control plots. Our results indicate that it may be possible to facilitate restoration of black-tailed prairie dogs by habitat manipulations, ultimately benefiting multiple native species in prairie ecosystems.
Black-tailed prairie dogs (Cynomys ludovicianus) are native to short-and mixed-grass prairies of the United States, occupying parts of 11 states and extending into portions of Canada and Mexico. Historically, black-tailed prairie dogs were widespread and abundant (Miller and Cully 2001) , but during the 1900s the species experienced serious reductions such that they now inhabit only a small fraction of their historic range (Lomolino and Smith 2001; Lybecker et al. 2002 ; but see Vermeire et al. 2004) . Factors contributing to this decline include habitat conversion, modification, and fragmentation; introduced disease (sylvatic plague [Yersinia pestis]-Cully and Williams 2001; Trudeau et al. 2004) ; and poisoning (Barnes 1993) . Although the range of black-tailed prairie dogs has been dramatically reduced (Sidle et al. 2001) , foraging and burrowing activities of the species continue to promote significant natural heterogeneity and species diversity in prairie grasslands where they remain abundant (Fahnestock and Detling 2002; Kotliar et al. 1999; Smith and Lomolino 2004) . Garrett et al. (1982) reported that the expansion of blacktailed prairie dogs occurred primarily when suitable habitat was available in areas surrounding colonies. Suitable habitat may be considered to include areas with relatively low-growing plants and low densities of trees and woody shrubs where prairie dogs are able to detect approaching predators (Koford 1958; Reading and Matchett 1997) . This suggestion is supported by the observation that prairie dogs actively maintain a buffer of clipped vegetation around colony peripheries and then gradually expand into buffer areas as buffer areas are extended (Hoogland 1982) . In general, observations of natural changes in the boundaries of colonies of black-tailed prairie dogs have been attributed to relatively low-growing vegetation in areas of expansion (Koford 1958; Reid 1954) .
Fire and grazing by terrestrial herbivores are major drivers of ecosystem dynamics in prairie grasslands (Ajwa et al. 1999; Biondini et al. 1999; Blair et al. 1998; Collins et al. 1998; Weltzin et al. 1997) . Together, these factors act to suppress or remove woody shrubs and accumulated plant biomass and are important for the maintenance of prairie dog habitat (Coppedge et al. 1998) . We hypothesized that if reduction of woody shrub cover by fire improves foraging and dispersal opportunities for prairie dogs, colony-level expansion may be nonrandomly oriented toward recent burns when they occur adjacent to existing colonies.
Although black-tailed prairie dogs are declining in many areas, in the South Unit of Theodore Roosevelt National Park, North Dakota, the species has been steadily increasing such that it inhabits a total of 20 colonies and an estimated 439 ha (Milne 2004) . Recently, several colonies have encroached on visitor-use facilities, which is of management concern because of the potential for transmission of sylvatic plague between prairie dogs and humans. Because lethal control is not an option for managing wildlife in national parks, biologists at Theodore Roosevelt National Park are interested in developing ''natural'' mechanisms for managing expanding prairie dog colonies. Because any fire near a colony may improve habitat suitability for prairie dogs, it is important to consider the potential effects of periodic wildfires and controlled burns on colony-level expansion. Also, if mechanical brush removal enhances habitat quality for prairie dogs in a fashion similar to fire by improving conditions for predator detection, active habitat management may be useful for directing colony expansion when controlled burning is not otherwise feasible. Because of their importance as a keystone species, conservation biologists and resource managers alike are interested in developing effective management approaches for recovering black-tailed prairie dogs (Lybecker et al. 2002) .
In this study we assessed how habitat manipulations in the form of controlled burns and mechanical brush removal would influence black-tailed prairie dogs. The research was conducted at Theodore Roosevelt National Park, where 3 prairie dog colonies were selected for replicate study. A combination of prescribed burns and mechanical brush removal was used to test the hypothesis that prairie dogs would expand into areas where visual obstruction was reduced. We predicted that prairie dogs would disproportionately burrow and expand into experimental treatment plots compared to adjacent control plots.
MATERIALS AND METHODS
Study area and experimental manipulations.-Experimental habitat manipulations were conducted on 3 prairie dog colonies in the South Unit of Theodore Roosevelt National Park, North Dakota (468819N, 1008779W). In early fall 2001, we examined records maintained by Theodore Roosevelt National Park to identify individual prairie dog colonies with a history of recent expansion. Three study colonies were chosen, Johnson's Plateau (35.1 ha), Mike Auney (26.3 ha), and Peaceful Valley (9.34 ha), each with habitat and topographical features that would allow prairie dogs the opportunity to continue to expand. Research was conducted over 2 field seasons in summer 2002 (AprilSeptember) and summer 2003 (May-September). The experimental design consisted of a randomly assigned experimental and control unit on each study colony. Each experimental unit included a 2-ha treatment plot (200 m long Â 100 m wide) extending outward from the colony edge into an area with little or no previous prairie dog activity paired with an adjacent 2-ha plot encompassing a portion of the active prairie dog colony (Fig. 1) . Similarly, each control unit included an untreated 2-ha plot extending out from the colony edge into an area with no prairie dog activity paired with an adjacent 2-ha plot encompassing a portion of the active prairie dog colony (Fig. 1) . The treatment plot portions of each experimental unit were treated by burning in May 2002 followed by mechanical brush removal in late June 2002 (explained below), whereas the control plot portion of each control unit was left unburned. Burn and brush removal treatments occurred in 2002 only. All of the 2-ha plot areas encompassing portions of active prairie dog colony areas at both experimental and control units were left untreated. This experimental design allowed us to monitor prairie dogs in active colony areas near treatment and control plots for assessing whether any differential expansion in treatment and control FIG. 1.-Maps illustrating the experimental study design used to evaluate various aspects of colony-level expansion in response to habitat manipulation on each of 3 prairie dog colonies selected for research. Each experimental unit consisted of a 2-ha experimental treatment plot in which a controlled burn and mechanical brush removal treatment took place and an adjacent 2-ha active colony plot within the active colony boundary that was not manipulated. The control unit consisted of a 2-ha untreated control plot where no habitat manipulations took place and a similar 2-ha nonmanipulated active colony plot.
plots was influenced by variation in prairie dog activity or density in colony areas near the plots.
Controlled burns originally scheduled for late April 2002 to coincide with dispersal of yearling males in spring-early summer (Garrett and Franklin 1988) were delayed by inclement weather and constraints imposed by the National Park Service administration. Thus, burn treatments were not completed until late May 2002 after substantial greening of vegetation had occurred, which culminated in patchy and incomplete burns at all 3 treatment plots. To compensate for incomplete burn treatments, we further treated the treatment plots by mechanically removing all remaining woody and tall herbaceous vegetation in late June 2002. Ideally, we would have repeated burn treatments at 3 other study colonies the following year, but this was not possible because of a lack of other appropriate colonies with a history of recent expansion and room for further colony growth.
Colony expansion dynamics.-We hypothesized that prairie dogs would spend more time in treatment plots compared to control plots because of enhanced predator detection after shrub cover was removed, which would be reflected by observations of more prairie dogs, increased levels of burrowing, and greater colony expansion in treatment compared to control plots. Immediately after burn treatments in May 2002, we initiated a program of regular scan-sampling-based observations (Altmann 1974) to monitor prairie dog activities (foraging, vigilance, burrowing, social behaviors, etc.) on all plots in the experimental and control units at the study colonies. We scanned each experimental or control unit for prairie dogs 10 times per hour with a Leica Apo Televid 20 Â 60-mm spotting scope (Leica Camera AG, Oskar-Barnack-Strabe, Germany) from an elevated (4-m) observation tower equipped with a blind. One observation tower was prepositioned on the margin of each study colony before the initial scan sample period and left in place for the duration of the study. We used a rotating schedule of observations to collect similar numbers of hours of observations of prairie dogs within the experimental and control units at each study colony from mid-May to September in 2002 and from mid-May to August in 2003. In 2002 a total of 12 h of observation per study colony per week were recorded, evenly spaced between 0600 h and 2100 h. Because of significant colony expansion into treatment plots in summer 2002, the total hours of observations for prairie dogs was reduced in summer 2003 to 4 h per study colony area per week, focused during periods of high prairie dog activity (0600-1100 h and 1800-2100 h). Some studies have corrected for visibility biases when observing prairie dog behavior in different habitats based on observability of artificial prairie dogs distributed among habitats (Menkens et al. 1990 ). We used the techniques of Menkens et al. (1990) to evaluate potential differences in sightability of prairie dogs in the experimental and control units at each study colony (as described in detail by Milne [2004] ). However, preliminary analyses strongly suggested that applying multiplicative correction factors to data on numbers of prairie dogs observed in control units artificially inflated the number of prairie dogs using those areas based on measurements of burrowing activity. Also, during scan sampling periods we searched the different plot areas from nearby elevated viewing platforms using good-quality optical equipment (spotting scopes), and believed that we did not miss many prairie dogs. We therefore report uncorrected data on the numbers of prairie dogs observed in the experimental and control units, which we believe accurately reflects actual prairie dog habitat use.
All newly excavated burrows within the experimental and control units at each study colony were enumerated and mapped after burn treatments in mid-May 2002. In early May 2002 we mapped and identified all active burrows (burrows with evidence of recent use including fresh dirt or feces, tracks, and lack of vegetation around the rim of the mound) and nonactive burrows (burrows lacking evidence of recent use) in treatment and control plots at each study colony. Active and nonactive burrows were marked for subsequent identification by burying a steel nail into the ground around the rim of the burrow. Every month of the 2002 research period burrow counts were updated to reassess burrow status (active and nonactive) and to identify new burrows. In summer 2003 we used a Trimble ASCI global positioning system (GPS) unit (Trimble Navigation Limited, Sunnyvale, California) accurate to within 1 m to collect spatial and attribute data on all active, nonactive, and new burrows in the study plots. Each burrow was given an identification number with Universal Transverse Mercator coordinates.
We tracked expansion into the experimental and control units at each study colony by preparing digital maps of colony boundaries before burn treatments were applied in mid-May 2002, and then remapping each colony each month thereafter during the summer 2002 and summer 2003 research periods. Colonies were mapped by walking along the colony periphery while recording Universal Transverse Mercator coordinates with the Trimble ASCI GPS unit. We defined the colony periphery to include all active burrows within 5 m of clipped vegetation (Plumb et al. 2001) .
Vegetation may limit the ability of prairie dogs to detect predators and we therefore assessed multiple aspects of vegetative structure in the treatment and control plots for all study colonies in summers 2002 and 2003. Each treatment and control plot was divided into eight 50 Â 50-m quadrats, 4 along the back and 4 along the front of each plot. Each month during the 2002 and 2003 field seasons, 2 quadrats (1 in the front and 1 in the back of each treatment and control plot) were randomly selected to assess differences in vegetation structure between the treatment and control plots. We used a circular plot sampling method to measure multiple aspects of vegetative structure in the selected quadrats. At the center point of each 50 Â 50-m quadrat, a circle with a radius of 10 m was established (circular plot area ¼ 314.16 m 2 ). We measured height of grass and herbaceous vegetation at 9 points at 5-m intervals along the center lines of two 20-m transects bisecting the circular plot, and the total number of all individual woody shrubs within the plot was recorded and canopy coverage was estimated. We estimated canopy cover of each woody shrub as the circular area for the plant based on the diameter at the widest portion of the shrub canopy. Percentage shrub cover for each circular plot was estimated as the sum of the canopy area of each woody shrub divided by the area of the circular plot.
We estimated an index of prairie dog density for each study colony to understand how potential colony expansion in response to treatments may be influenced by density. Indices of prairie dog colony density were estimated from visual count methods developed by Severson and Plumb (1998) and others (Fagerstone and Biggins 1986; Menkens et al. 1990 ). Visual counts using 10 Â 50-mm binoculars were completed by 2 observers concealed in blinds on the observation towers. After having entered blinds 30-45 min earlier, we conducted visual counts between 0700 and 1100 h over a period of 3 consecutive days at each study colony (Severson and Plumb 1998) . In summer 2002, a single 3-day series of visual counts was completed at each study colony in July, whereas in summer 2003, 3-day visual counts were done once a month at each colony from June to August. Because strong winds and cool, rainy weather can restrict aboveground activity of prairie dogs, visual counts were limited to periods with no rain, wind speed , 32 km/h, and ambient temperatures . 108C. Based on the work of Severson and Plumb (1998) , we used the maximum number of prairie dogs recorded per sampling effort at each study colony to estimate an index of prairie dog density (P) as P ¼ ([Y/S p ] À 3.04)/0.04, where Y is the maximum count of prairie dogs in a rep-licate for each colony and S p is the total area sampled adjusted for the probability of not observing all prairie dogs during a count.
Data analysis.-Changes in vegetation structure in response to habitat manipulations was analyzed using 1-way analysis of variance (ANOVA-Zar 1999) . In 2002, we compared vegetation structure between pretreatment and posttreatment periods (April and September, respectively) and between the start and end of the 2003 field season (April and August, respectively). Data on percentage shrub cover were not normally distributed and an arcsine transformation was applied to these data before analyses. We assessed potential differences in the area of colony expansion between treatment and control plots by repeated-measures ANOVA (Zar 1999 Because variances for the mean number of prairie dogs sighted in treatment and control plots were unequal, we applied a log transformation to the data before analysis. Also, because it could be argued that differences in colony expansion between treatment and control plots were an artifact of higher levels of prairie dog activity around colony areas adjacent to treatment plots, we compared the overall average mean number of prairie dogs sighted per observation period per month for the nonmanipulated active colony areas of the treatment and control units in summer 2002. Similar comparisons were not done for summer 2003 because the initial dynamics of the colonies were considered to have been altered by burn and brush removal treatments applied in 2002. All means are presented 6 1 SE and statistical analyses were completed using SYSTAT 8.0 (SPSS Inc. 2000).
RESULTS
The combined treatments of burning and mechanical brush removal in May and June 2002 altered shrub cover and herbaceous plant height in the experimental treatment plots relative to the untreated control plots (Table 1) . Before the experiment the average number of shrubs, percentage shrub cover, and herbaceous plant height were similar between treatment and control plots (Table 1 ). In contrast, in late August 2003 the treatment plots exhibited a significant reduction in average number of shrubs, percentage cover, and herbaceous plant height compared to control plots where vegetation structure remained relatively constant from the beginning to the end of the experiment (Table 1) .
Prairie dogs responded to the experimental treatments in 2002 by a disproportionate expansion into treatment plots at all 3 study colonies by the end of that summer (F ¼ 24.0, d.f. ¼ 1, 4, P ¼ 0.008; Fig. 2 ). In summer 2003 there was limited additional expansion by prairie dogs into the treatment plots, and overall expansion at the end of the study in September 2003 was higher for the treatment plots than for controls (F ¼ 12.2, d.f. ¼ 1, 4, P ¼ 0.025; Fig. 2 ).
Prairie dogs also excavated more burrows in treatment plot areas than in untreated controls, which was related to disproportionate areal expansion in experimental study units (Table  2) . By the end of summer 2002 prairie dogs had excavated .3 times as many new burrows in treatment plots (n ¼ 645) as in control plots (n ¼ 180; F ¼ 27.1, d.f. ¼ 1, 4, P ¼ 0.006; Table  2 ). Further, by the end of summer 2003 there were nearly 5 times as many new burrows (n ¼ 1007) in treatment plots as control plots (n ¼ 207; F ¼ 14.4, d.f. ¼ 1, 4, P ¼ 0.024; Table  2 ). We also observed a higher mean number of prairie dogs per observation period in treatment plots than in control plots in September 2002 (F ¼ 13.2, d.f. ¼ 1, 4, P ¼ 0.022; Table 3 ) and for all months in 2003 (F ¼ 35.5, d.f. ¼ 1, 22, P , 0.001; Table 3 ).
Experimental evidence for differential colony expansion into treatment compared to control plot areas was not due to higher prairie dog numbers around the treatment plots. Monthly scan samples revealed similar numbers of prairie dogs in the nonmanipulated active colony areas immediately adjacent to treatment and control plots during summer 2002 (
In 2002 estimated colony densities ranged from 42.4 at the Peaceful Valley colony to 136.2 prairie dogs/ha for the Mike Auney Colony (Fig. 3) . In 2003 the mean estimated colony densities ranged from 23.2 6 1.5 (Peaceful Valley) to 82.4 6 16.8 prairie dogs/ha (Mike Auney; Fig. 3 ). Between July 2002 and July 2003, estimated prairie dog density decreased by an average of 59% (64% for Mike Auney, 49% for Peaceful Valley, and 65% for Johnson's Plateau), suggesting a consistent downward trend in prairie dog densities between years (Fig. 3) . In summer 2003 the estimated densities for each colony suggested 
DISCUSSION
This study demonstrated how habitat manipulations designed to enhance habitat quality on the margins of existing black-tailed prairie dog colonies may be used to influence colony expansion. At Theodore Roosevelt National Park black-tailed prairie dogs responded to the combination of controlled burning and mechanical brush removal by disproportionately greater exploratory movements and burrowing in experimentally treated than in untreated control areas (Tables 2 and 3) . Overall, these differences combined to produce highly significant differences in colony expansion in the experimental treatment plots compared to adjacent controls at all study colonies (Table 2; Fig. 2) . However, recall that the study colonies we chose for study were selected because each had a recent history of expansion and there was potential for continued expansion on a significant portion of the colony margin. Thus, the magnitude of expansion response we observed was very likely higher than if similar treatments had been applied to colonies without these attributes. (110) 191 (357) 50 ( Note that area available for potential colony expansion was not equal to 2 ha, nor was the area available the same among study plots because of differing portions of occupied colony within plot margins as well as the physical layout of plots (see Fig. 1 ). The implication of this for other regions is that the use of similar treatments on a more random subset of prairie dog colonies may produce a less vigorous colony expansion response. There was very little or no colony boundary expansion into control plots at any of the 3 study colonies in either year, even though there was a small increase in the number of burrows in control plot areas (Table 2 ). This somewhat counterintuitive result was due almost entirely to prairie dogs excavating additional burrows in the small areas of active colony encompassed by plot boundaries at the outset of the study (Fig. 1) . Although colony expansion into treatment plots occurred at all study colonies, there were differences in levels of expansion among colonies and between years related to interannual variation in weather, prairie dog activity, population density, and predation by American badgers (Taxidea taxus).
All 3 study colonies experienced significant expansion into the experimental treatment plots in summer 2002, but weatherinduced variation in vegetation appeared important in slowing colony expansion in 2003. In summer 2003 colony boundaries were dynamic, expanding and retracting as vegetative cover fluctuated throughout the growing season. Observations in the field suggested that the combination of a moderate resprouting of shrubs from stumps and a relatively lush growth of green herbaceous plants in the spring to early summer period slowed or halted expansion at the Mike Auney and Peaceful Valley study colonies (Fig. 2) . The reduction in colony extent in the treatment plot at the Johnson's Plateau colony was entirely related to badger predation, which is discussed below. By late summer 2003 foraging by prairie dogs reduced shrub cover and herbaceous plant height in the experimental treatment plots at the Mike Auney and Peaceful Valley study colonies when a slow rate of colony expansion became apparent (Fig. 2) .
Examination of data from visual counting of prairie dogs suggested that variation in population density among study colonies contributed to differences in expansion into treatment plots during summer 2002 but not necessarily in summer 2003. During summer 2002 the Mike Auney prairie dog colony supported slightly more than 3 times the density of prairie dogs as either the Johnson's Plateau or Peaceful Valley study colonies (Fig. 3) . Colony expansion into the Mike Auney treatment plot was estimated at 1.26 ha (74% of area available for expansion) compared to expansions of 0.62 ha (36% of area available) and 0.89 ha (40% of area available) into treatment plots at the Johnson's Plateau and Peaceful Valley study colonies in 2002, respectively. In contrast, in summer 2003 estimated prairie dog densities were lower for all 3 study colonies (Fig. 3) , which may have contributed to reduced expansion into treatment areas in 2003. Notably, however, the Mike Auney colony continued to harbor nearly twice the density of prairie dogs as the other 2 colonies in summer 2003 (Fig. 3 ), yet expansion was slow there also. Thus, density was just one of several factors important for colony expansion.
The high density of prairie dogs observed at the Mike Auney study colony in both 2002 and 2003 (Fig. 3) was unusual in comparison to other areas of North Dakota (Milne 2004) , and within mixed-grass prairie habitats in general (Hoogland 1995; G. E. Plumb and G. D. Willson, in litt.) . It is possible that densities were high at this colony because animal movements were restricted by the colony's isolated location bounded by a combination of large buttes and the Little Missouri River. (Tables 2 and 3) .
The incomplete burn treatment in late May 2002 prompted the alteration of our original study design to include mechanical brush removal in June 2002. Because of this unforeseen change in study design we were unable to assess the relative importance of controlled burns and mechanical brush removal for subsequent colony expansion response. Based on our observations and the natural history of prairie dogs, we believe that either method alone (assuming effective burn treatments) would have been sufficient to influence colony-level expansion dynamics. One of our study colonies displayed an apparent immediate expansion response after the incomplete burn, whereas expansion was delayed at the other colonies until after mechanical brush removal (Fig. 2) . Daubenmire (1968) noted that either controlled burns or mechanical brush removals can dramatically reduce vegetation height and cover of shrubs and woody plants, which Koford (1958) identified as being important factors promoting colony expansion by black-tailed prairie dogs. Implications for management and conservation.-This study provides strong support for the idea that habitat manipulations can be used to encourage expansion of prairie dogs via broaderscale application of controlled burning or mechanical brush removal around active colonies. The research has broader conservation implications for at least 3 reasons. First, managers in national parks and other natural areas where prairie dog populations are growing may be able to manipulate habitat to control the directionality of colony-level expansion.
Although not yet applied on a large scale, carefully applied control burns and mechanical brush removal, active fire suppression, or both around the margins of large prairie dog colonies may provide an effective means of nonlethal management of prairie dogs. Second, encouraging the growth and expansion of prairie dog colonies by removal of shrub and plant cover may aid in the restoration and expansion of the species in areas where colonies have been reduced. Third, multiple recent studies are providing strong support for the suggestion that black-tailed dogs are a keystone species in North American prairie ecosystems (Johnson and Collinge 2004; Kotliar et al. 1999; Lomolino and Smith 2004; Sidle et al. 2001) . Because of the confirmed importance of prairie dogs for the diversity and overall function of grassland ecosystems, there is considerable interest in effective management of the species (American Society of Mammalogists 1998). suggested that the long-term persistence of prairie dog town complexes was significantly influenced by the presence of multiple large colonies. Because large colonies may be a factor in the longterm persistence of prairie dog colonies and because larger colonies tend to harbor a higher diversity of vertebrates including the barred tiger salamander (Ambystoma tigrinum), burrowing owls (Athene cunicularia), mountain plover (Charadrius montanus), swift fox (Vulpes velox), and black-footed ferret (Mustela nigripes- Lomolino and Smith 2004) , knowledge of how to encourage the growth and expansion of existing prairie dog colonies becomes increasingly important in restoring prairie ecosystems. Our research provides valuable insight into new methods for promoting population-level expansion of black-tailed prairie dogs useful toward this objective.
